During the past few years, peptides and polypeptides with a regular sequence of enantiomeric residues (L and D) along the chain have received considerable attention [l-l 11. This is mainly due to their analogy with gramicidin A, a naturally occuring linear pentadecapeptide that forms an ion-conducting channel across natural and synthetic lipid bilayer membranes (for a review, see [12]). These L,D-alternating oligopeptides can assume, in addition to the well known structures such as an a-helical structure, a wide variety of conformations including single (p") and double-stranded helices. With double-stranded helices, the conformations could be of parallel (t t p") or antiparallel (T JI 6") type. Here, the superscript n refers to the total number of residues per turn of the helix. Two octapeptides, Boc-(L-Val-D-Val),-OMe and Boc-(L-Phe-DPhe),-OMe, are shown to exist in a doublestranded antiparallel p-structure of the type t L P55 by single-crystal x-ray diffraction studies [2,3]. The valine octapeptide is shown to be a left tide lhanded whereas the phenylalanine is a right-handed helix.
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octapep-
Vibrational spectroscopy (infrared and Raman), through the use of normal-mode analysis to predict the vibrational frequencies expected for a given conformation, can be used to obtain information on the secondary structure of polypeptide molecules [ 131. Naik and Krimm [14] have calculated normal modes for several single-(p4e4 and p6e3) and double-helical ( t J p5e6, t & p7*', t t P5*6 and t t p7-2) structures and used the results to predict the conformation of gramicidin A in the ion-free crystalline state, ion-bound crystalline state, solution and in synthetic membranes [15, 16] . The structures predicted based on vibrational spectroscopy and normal-mode analysis were confirmed later by single-crystal x-ray analyses [17-191, In the crystalline state, the uncomgramicidin A has a structure [ 3 -91, whereas a doublecesium stranded ion com- plex adopts a t J /36.4 structure [18] . In lipid vesicles, i.e., in the conducting state, gramidicin A is found in a single-stranded /3'je3 helix [14] . In this work, a series of three valine oligopeptides, namely Ro&-Val-D-Va&-OMe, with II = 4,6 and 8, were studied, Boc-(L-Val-D-Val),-OMe is subsequently referred to as (LD-Val),. The structure of (r_o-Val), is known to be in the left-handed t 1 j35.6 which is stabilized by fourteen NH * * * OC hydrogen bonds. The structure can be regarded as a cylinder with an inner diameter of 5.1 A [2] . An ORTEP drawing of the t 4 /3'*4helix is given in Fig. 1 . A t 4 j35*6 structure with fifteen amino acid residues (in each chain) would have a maximum length of 31.5 A [4], which is long enough to span the lipid bilayer. The structures of (Lp-Val), and (Lo-Val), have
NAIK not yet been determined by x-ray analysis. Infrared (IR) and Raman spectra of all of the above oligopeptides are presented and the possible structures in the crystalline and solution states are discussed. The molecules were not completely. deuterated. However, the deuteration achieved was sufficient to identify the deuteration-sensitive modes.
IR spectra of solid samples were recorded in KBr disks using a Perkin-Elmer Model 180 dispersive spectrometer with ca. 2 cm-' resolution at 1800 cm-' and a Bomem DA/3 Fourier transform IR (FT-IR) spectrometer equipped with an HgCdTe detector. The IT-IR spectra were recorded with a resolution of 1 cm-'. The IR spectra of samples in solution were recorded using a CaFz cell with a peptide concentration of ca. 0.5%. The solution IR spectra were recorded using the dispersive spectrometer mentioned above.
Raman spectra were recorded, using a Spex 1403 spectrometer equipped with a double monochromator, with an excitation line of 514.5 nm from a Spectra-Physics Model 165 argon ion laser. For solid samples, an incident laser power of ca. 150 mW was focused at the samples, sealed in glass capillaries. The spectral band pass was ca. 2 cm-' at 514.5 mn and the step resolution used was 1 cm-' in all the spectra. For solution samples, the incident laser power of ca. 200 mW was focused at the capillaries containing the sample solutions. The spectral band pass was ca. 3 cm-' at 514.5 nm. Because of the low concentra- tion of the samples, the spectra were averaged over a large number of scans (ea. 50) to obtain a better signal-to-noise ratio.
RESULTS
IR spectra of (LD-Val)* with n = 4,6 and 8 and one of their N-deuterated derivatives are shown in Figs. 2-5. The Raman spectra of these molecules are given in Figs. 6 and 7. Figure 8 shows the IR amide I frequencies of (LD-Val), and (m-Val), in CHCl, and Fig. 9 shows the Raman amide I frequencies of all the three valine oligopeptides in CHCl,. Table 1 lists the amide A, B, I, II, III and V frequencies of all three oligopeptides in the crystalline state. Table 2 lists the IR and Raman amide A and amide I frequencies for the three oligopeptides in solution. Table  3 lists the calculated amide I, II, III and V frequencies of the t 4 p5e6 and t J /3'-* structures [14] . The calculated amide frequencies for the B 4*4 and @j-3 structures are given in Table 4 [14].
Confomuation of oligovalines in crystalline state
The vibrations due to CH and CH, groups of valine side-chains are very localized and are well characterized [20-221. The CH, group vibrations arising from the oxymethyl and t-Boc blocking group, and other end-group frequencies such as the C-O stretching mode, are easily assignable based on the earlier work on ethyl acetate and its N-deuterated derivatives [23] . Here mainly the conformationally sensitive modes, namely amide A, B, I, II, III and V modes, will be discussed.
In the conformationally sensitive regions, all three oligopeptides exhibit similar spectra. Amide A and B bands arise from Fermi resonance be- , tween the NH stretching frequency and the first overtone of the amide II (consisting mainly of NH in-plane motion) frequency. Both of these frequencies are sensitive to the backbone conformation of the polypeptide and usually amide A occurs at ca. 3300 cm-' and amide B at ca. 3100 cm-'. The amide A band observed at 3295 cm-' in both the IR and Raman (R) spectra for (~~-Valj, shifts down to 3293 cm-' (IR) and to 3290 cm-' (R) in (LID-Val),, and finally to 3280 cm-' (IR) and to 3267 cm-l (R) in (Lo-Val),. This downward shift of the amide A frequency on going from the octapeptide to the hexadecapeptide indicates that the hydrogen bonds in the latter peptide are stronger than those in the former. The amide B mode is observed in the IR spectrum at 3068 cm-' in (LD-Val),, at 3071 cm-' in (m-Val), and at 3073 cm-' in (~~Val)s. The amide B frequency is very weak in the Raman spectrum and frequently is not detectable. The amide I modes essentially consist of CO stretching. The Raman amide I band of (LD-Val), has more structure compared with the other two peptides (see Fig. 6 ). The strongest Raman amide I band is observed at 1678 cm-' for (LD-Val),, at 1676 cm-' for (Lo-Val), and at 1672 cm-' for (~~Val)s. In (Lo-Val), the shoulder observed at ca. 1665 cm-' in the Raman spectrum becomes a well resolved band at low temperature (77 K). mo more shoulders, at ca. 1693 cm-' and ca. 1650 cm-', are also visible at this temperature (spectrum not shown). In the IR spectrum, the amide I modes for these peptides are observed at ca. 1643 cm-' for (Lo-Val), and at 1640 cm-' for (Lo-Val), and (Lo-Val),. AI1 three peptides show a shoulder near 1685 cm-' in the IR spectrum, a characteristic of an antiparallel @sheet structure. These small differences observed in the strong amide I frequencies are attributable to the different chain lengths in these three peptides. (LDVal),, being the longest, is expected to form a more regular structure than the shorter oligopeptides. The calculations of the normal modes of vibrations of the infinite double helices [14] predict a strong (intense) parallel-polarized (parallel to the helix axis) amide I mode in t & p5e6 at 1636 cm-' (see Table 3 ). The corresponding calculated mode in T J p7** is at 1632 cm-'. The strongest IR amide I mode is expected to be an A symmetry species mode and parallel-polarized.
The calculated frequency of 1636 cm-' is close to those observed for (LD-Val), and (LD-Val),. The strong IR amide I mode observed in (LD-Val), is 7 cm-' higher than that predicted for the T J, p5e6 structure. The shorter length of (LD-Val), compared with the other two peptides can account for this observed difference, As the calculations [14] were done on infinite chains, better agreement is expected with predicted frequencies in longer chains. The lowest amide I mode calculated in ? J P6 matches very well the strongest observed IR mode at 1640 cm-' in (LD-Val), and (LD-Val),. The strong Raman amide I mode observed at 1672 cm-' in these peptides is well reproduced by t A /35.6 and t J e7.' structures. Hence the calculated frequencies in the amide I region slightly favor the t 1 #l5.6 over the t j, /37.2 structure for (m-Va& and Lo-Val),. The amide II mode (consisting of mainly NH in-plane motion and CN stretching) is intrinsically weak in the Raman spectrum and is not observed most of the time. It is observed in the IR spectrum usually as a broad, medium strong band at ca. 1550 cm-'. The observed amide II frequencies (see Table 1 ) are consistent with the predicted frequencies for the T J /35.6 structure (1553-1541 cm-'). However, it should be pointed out that the amide II frequencies are usually not very helpful in discriminating between t & /3'" and ? & p7.* structures [14, 16] . Reliable intensity calculations will be very useful in this regard. In the amide III (generally consisting of NH in-plane motion and CN stretching) region, there are four bands in the IR spectrum, at 1294,1272, 1245 and 1230 cm-', in (LD-Val), which lose intensity on N-deuteration. In the IR spectra the loss of intensity in the 1272 cm-' band is not clearly seen as some other higher frequency band moves into that region after N-deuteration. In the Raman spectrum there are three observed amide III bands, at 1288, 1272 and 1230 cm? For the t & /3'm6 structure, modes with NH inplane contributions are calculated [14] at 1288, 1284, 1267, 1265 and 1240-1236 cm-l. The observed frequencies for the three oligopeptide are in agreement with the calculated frequencies for the T 1 p5e6 structure. The t 4 8'0~ structure does not predict very well the lowest observed amide II band at 1230 cm-l or the higher frequency at 1288 cm-? For (m-Val) ,, the IR and Raman spectra in chloroform are notably different compared with the solid state. The strongest Raman band observed at 1676 cm-' in the solid shifts down to 1672 cm-' and a new band appears (shoulder) at ca. 1689 cm-'. The strongest IR band observed at 1640 cm-' in the solid shifts up to 1651 cm-' in CHCl, (see Fig. 8 ). The higher frequency region of amide I band (ca. 1680 cm-'1 in CHCl, is not as asymmetric as it is in the solid state, there being only a weak shoulder near 1680 cm-'. The large upward shift observed in the amide I mode in CHCl, indicates a different conformation of the molecule. The 1651 cm-' band may be due to the presence of a /34.4 single-helical structure in CHCl, solution. The predicted frequencies for the /34.4 and /36.3 structures (see Table 4 ) are at ca. 1650 cm-' in the A symmetry species [14] . Comparable frequencies are not predicted for the double helical structures (see Table 3 ). This makes it possible to assign either p4.4 or p6' structure for (LD-Val), in CHCl, solution. However, the B 6.3 structure can be ruled out based on the predicted Raman active modes. The p6" structure has no calculated frequencies greater than 1654 cm-' whereas p4.4 has a 1672 cm-' mode in E, symmetry species which matches very well the observed Raman band at 1672 cm-'. These results are in agreement with the NMR studies of Tomasic et al. [25] . They showed that the double-stranded helical species t & /3'.'j is predominant in fresh solutions of samples obtained from CHCl,-EtOAc.
At equilibrium there are three slowly interconverting species. One is the left-handed t J p5.6 species and the other two are most likely single-stranded /34.4 species of opposite handedness. In the present studies the samples were probably equilibrated because of the long time involved in recording the Raman spectra and the predominant species were single helical structures.
For (LD-Val),, there are no major differences in the amide A and I modes between the solid state and CHCI, solution. This behavior is similar to that of (LD-Val), discussed above. The strongest Raman amide I band is observed at 1672 cm-l in both the solid state and CHCl,. The strongest IR amide I band shifts from 1640 cm-' in the solid state to 1645 cm+ in CHCI, solution. The amide A band is observed at 3280 cm-l in both solid and solution states. NMR studies [26] of this peptide in CHCI, have suggested the presence of p4a4 helices. The present spectroscopic studies indicate that the conformation is similar to its conformation in the solid state. A 5 cm-' shift in amide I frequency in CHCl, solution may indicate that there is some conformational change in CHCI, solution. However, this change is not as large as that observed in (LD-Val),. However, as the frequency shift is consistent with the predicted modes for the p4m4 structure, it is possible that there is a mixture of conformers in solution.
Conclusions
From IR and Raman spectroscopic measurements, in conjunction with normal-mode analysis, it has been able to assign the structures for (LDVal), with n = 4, 6 and 8 in solid and solution states. The results show that these LD-oligopeptides adopt different structures depending on the environment.
The results show that all three oligopeptides exist in the t J p5a6 structure in the crystalline state. This is the structure in which the uncomplexed gramicidin A exists in the crystalline state. In solution these peptides exist in a mixture of conformations: (LD-Val), as t ,/, p5m6 together with some p4-4, (LD-Val), mainly as p4-4 and (L&/al), mainly as t 4 @se6 mixed with some p4*4. It is interesting that gramicidin A has a p6m3 structure in liposome suspension in water [16] . However, gramicidin A has not been found with a p4a4 structure either in the crystalline state or in solution.
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